We report the results of molecular dynamics simulations of Langmuir monolayers of a semifluorinated hydrocarbon molecule F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H. Our simulations show that highly ordered structures are formed at low temperature after quenching from a random structure at high temperature. The structural formation process of the monolayer is characterized by a decrease in the gauche defects of the hydrocarbon block and an increase in the global bond-orientational order throughout the chain molecules. It is also found that the monolayer structure consists of mixed orientations for the head-group-free F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H molecule, with a slightly larger fraction for a hydrocarbon-down, fluorocarbon-up configuration.
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Langmuir monolayers of insoluble amphiphiles have been extensively studied both experimentally and theoretically. 1, 2 It has been suggested that the complex phase diagram exhibited by Langmuir monolayers of long alkyl chains is partly due to the flexibility of the hydrocarbon chain. 3, 4 In most experimental and theoretical studies of the effect of molecular architecture on the phase behavior of Langmuir monolayers, the chain stiffness is introduced by replacing the hydrocarbon chain of an amphiphile with the much stiffer fluorocarbon chain. [3] [4] [5] It has been found that monolayers of fluorinated amphiphiles have much simpler phase diagrams than those of alkyl chain amphiphiles. It has also been demonstrated that a stable water-supported monolayer can be formed with long-chain fluorocarbon molecules that do not have a strongly polar head group. 6, 7 The properties of semifluorinated hydrocarbon monolayers have been studied more recently. 4, 8 With the presence of both fluorocarbon and hydrocarbon parts in the same molecule, monolayers of semifluorinated hydrocarbon molecules provide unique opportunities for studying the close interplay between molecular conformation and packing structures. Structural properties of such monolayers are determined by competition between fluorocarbon-fluorocarbon and hydrocarbon-hydrocarbon interactions. The differences in the close-packed distances and the chain flexibility for the two parts can lead to wide spectrum of molecular packing structures with various degrees of ordering. Another interesting question arises for the structural characteristics of a monolayer of semifluorinated hydrocarbons without a polar head group: Which part of the molecule will be in contact with the water interface? Huang et al. 8 It was found that monolayers of these molecules are metastable to stable, and that the stability improves as the length of the fluorinated block increases. Grazing-incidence x-ray diffraction measurements showed that the F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H monolayer formed ordered structures. An analysis of the x-ray reflectivity data suggested a hydrocarbon-down, fluorocarbon-up orientation for the F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H molecule.
The purpose of this study is to examine detailed processes of the structural formation of the semifluorinated monolayers described above at the molecular level. We have performed molecular dynamics ͑MD͒ simulations on the monolayers of F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H molecules. The main focus of the present simulations is to follow the detailed dynamical processes leading to the formation of ordered structures in such monolayers. Recently, MD simulations have been used to identify dynamical structural formation processes occurring in various systems of chain molecules. Some of the examples include ordering of a single polymer chain, 9 polymer crystallization, 10, 11 and the mobility of self-assembled membranes. 12 Our simulations represent the first attempt of such studies on Langmuir monolayers. It is expected that the results of the present study will provide useful insights into understanding the structures of monolayers consisting of diverse molecular characteristics.
The theoretical model adopted in the present calculations is the same as that used in previous works. 4, 13 Specifically, we have used a pseudoatom representation of the semifluorinated hydrocarbon molecule, in which the CF 3 , CF 2 , CH 2 , and CH 3 groups are treated as spherical united atoms with appropriate masses. The model preserves the major features of the molecular geometry, e.g., the zig-zag structure of the carbon chain backbone and the energy difference between trans and gauche isomeric conformations. Obviously, a pseudoatom model does not reproduce the full asymmetry of the potential field due to the presence of explicit atoms connected to the carbon atoms.
14,15 Such effects will be impora͒
Author to whom all correspondence should be addressed; electronic mail: sshin@plaza.snu.ac.kr tant at higher surface densities and/or lower temperatures. The helical superstructure, characteristic of the lowest energy conformations of fully fluorinated alkanes, is also not represented by the present model. Since the main concern in this study is to examine the dynamical formation process of ordered monolayer structures over a very long time scale, a pseudoatom model is considered reasonable and necessary for our purposes. The bonds between adjacent pseudoatoms along the chain are assumed to be 0.153 nm long, and the angle between adjacent bonds is taken to be 111°. The bonds in the chain are assumed to be fixed in length; the fixed bond lengths then constrain the molecular dynamics. The bondbending potential is taken to have the form of a harmonic potential and the torsional potential is represented by the Ryckaert-Bellemans dihedral potential. 16 The nonbonded interactions are described by 12-6 Lennard-Jones potentials. As in other simulations of monolayer properties, we neglect the molecular structure of the substrate, treating it as a continuous medium truncated at a planar surface with zero width. Then the van der Waals interaction between a pseudoatom and the substrate is represented by a 9-3 potential. The parameters of the interaction potentials appropriate for the semifluorinated hydrocarbons have been reported previously. 4 We have performed MD simulations of 100 F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H molecules. The equations of motion for the system, with rigid-body constraints for the bond lengths, were integrated using a velocity version of the Verlet algorithm ͑''Rattle''͒. 17 The temperature and the pressure of the system were controlled by use of a weak coupling to an external bath, using the method of Berendsen et al. 18 The simulations were carried out with periodic boundary conditions in the x and y directions ͑parallel to the plane of the interface͒ on an air/water interface with constant surface density, 35 Å 2 /molecule. The typical initial configuration of the model system was chosen to be that with the molecules in the all trans state, with the main molecular axes normal to the surface and with one end of the chain at the points of a square lattice imagined to span the surface. The initial velocities of the pseudoatoms were sampled from a MaxwellBoltzmann distribution and subjected to the constraints imposed by the fixed bond lengths. In general, the time step used in integrating the equations of motion was 5 fs. The MD simulations are carried out as follows. First, we start from the initial configuration described above. By simulating the initial configuration at the elevated temperature ͑700 K͒ for about 400 ps until the collective sum of the head-to-tail vector is approximately zero, we obtain a randomly distributed configuration of molecules for the monolayer. The system is quenched to low temperatures and further MD simulations for a very long time ͑ϳ10 ns͒ are performed on the quenched structures. Figure 1 shows the configurations of the F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H monolayer at various times after quenching, obtained from MD simulations at 400 K. The sequence of configurations clearly demonstrates the formation of a highly ordered structure from the initially random structure. In the early stage ͑tϳ2 ns͒, the fluorocarbon and hydrocarbon parts of the monolayer start to bunch together separately.
With the elapse of time, the chain molecules arrange themselves to form orientationally ordered packing structures. This process should start with the fluorocarbon block, since it is much easier for the stiffer fluorocarbon to form closepacked structure. The ordering of fluorocarbon block can be seen from the configurations in the intermediate times ͕Fig. 1͑c͒ ͓4 ns͔; Fig. 1͑d͒ ͓5 ns͔͖. For the hydrocarbon parts to be ordered, most of gauche defects need to be removed.
We have analyzed the results of our MD simulations to obtain the collective tilt angle of the molecules, the dihedral angle distribution, and the average height of the monolayer. The collective tilt angle is calculated by the average of the angles between the principal axis of the molecule and the axis normal to the surface. The collective tilt angle of the fluorocarbon block and that of the hydrocarbon block are obtained separately. From the ordered structures obtained form our simulations, the molecules are found to be tilted with relatively large tilt angle ͑40°-45°͒. The fluorocarbon and hydrocarbon parts have similar tilt angles and the collective tilt angle is found to decrease during the formation of the ordered structure. The structures of Langmuir monolayers, especially the tilting of molecules, are sensitive functions of physical parameters such as surface area and temperature. The large tilt angle may be related to the constant surface area of the system used in the simulations, which is larger than the close-packed area for both the fluorocarbon ͑р30 Å 2 /molecule͒ and the hydrocarbon ͑р20 Å 2 /molecule͒ monolayers. In the previous simulations, 19, 20 relatively large collective tilt angles were observed when the system was constrained to a fixed area somewhat larger than the closepacked area. On the other hand, fluorinated monolayers have been known to have almost vertical configurations with very small collective tilt angle for the close-packed structures. 3, 5, 21, 22 Such close-packed structures are obtained either from constant surface-pressure simulations or when the system is allowed to form island structures in the simulations with very large surface area. 7, 13 Present simulations with constant area of 35 Å 2 /molecule are chosen to demonstrate the structural formation of monolayers at a given condition. Further studies with different conditions employed will be reported elsewhere. The average height of the system reflects the ordering process in the monolayer. It starts with a very small value ͑Ͻ1.0 nm͒ for the initial random structure, indicating that most of the chain molecules are disordered and lying close to the surface. The average height steadily increases while the chains arrange themselves for better packing, and reaches a maximum plateau value ͑ϳ2.4 nm͒ after about 6 ns.
In order to examine the change in conformational order, we have analyzed gauche concentrations for different parts of the chain molecule as a function of time. We find it convenient to classify a molecule as having a local gauche configuration when the absolute value of the corresponding dihedral angle is greater than 1.3 rad. Figure 2 displays the time evolution of gauche defects as a function of position along the semifluorinated hydrocarbon. As expected, the gauche defects are mainly localized on the hydrocarbon block. The concentration of gauche configuration is clearly decreasing as a function of time, particularly in the middle parts of the chain molecules. These results demonstrate that structural formation of ordered monolayers involves a decrease in the conformational disorder of the hydrocarbon block.
As an additional signature for the growth process of the structural ordering in monolayers, we calculated the global bond-orientational order parameter S defined by 9, 10 Sϭ 1
where N and n are, respectively, the number of Figure 3 shows the time dependence of S for the present simulations. Initially, the global bond-orientational order parameter has values near zero up to tϳ3 ns, indicating random structures. The parameter S starts to increase after 3 ns and reaches maximum plateau value after about 6 ns. The fluorocarbon block has a larger value of S, confirming that fluorinated parts are more ordered than hydrogenated parts. Previous results on the molecular dynamics simulations of short chain ͑20 carbon͒ n-alkane chains have indicated that the global bond-orientational order grows in a stepwise fashion, suggesting that the structural formation processes proceed by a sudden change of conditions or a transition. 10 Our results also show a rapid increase of S around 4 ns, signaling a kind of ordering transition. It is also noted that the time scale of the ordering process for the current system is much longer than that reported for the short n-alkane chains.
Finally, we note that the structures of F͑CF 2 ͒ 12 ͑CH 2 ͒ 18 H monolayers obtained from our simulations exhibit mixed configurations with respect to the chain orientations. As discussed before, without the polar head group, either end of the semifluorinated hydrocarbon molecule can be in contact with the surface. Previous x-ray studies proposed a hydrocarbondown, fluorocarbon-up orientation for the same monolayers. 8 The present simulations revealed that the fraction of the fluorocarbon-up orientation is a little higher ͑ϳ65%͒. It is found that the chain molecules are packed in a hexagonal lattice and the molecules with the same orientations more or less cluster together. The x-ray reflectivity experiments mentioned above also found that the sample height showed inhomogeneities across the monolayer sample. It can be argued that monolayers of the semifluorinated hydrocarbon consist of domain structures where larger domains with the molecules of fluorocarbon-up orientation are separated by smaller domains with the reverse orientation. More extensive simulations using much larger system sizes will be needed to examine the above conclusions, which will be the subject of future studies. 
